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The recent observation of neutron stars merger by the LIGO collaboration and the measurements
of the event’s electromagnetic spectrum as a function of time for different wavelengths, have altered
profoundly our understanding of the r-process site, as well as considerably energized nuclear as-
trophysics research efforts. R-process abundances are a key element in r-process simulations, as a
successful calculation must account for these abundances in the final debris of a stellar cataclysmic
event. In this letter, mankind’s complete knowledge of neutron cross sections obtained in the last 80
years, as encapsulated in the latest release of the Evaluated Nuclear Data File (ENDF/B) library, is
used to obtain solar r-process abundances in a novel approach. ENDF/B cross sections have been
successfully used for decades in nuclear power and defense applications and are now used to obtain
r-process abundances in a fully traceable, documented and unbiased way.
PACS numbers: 26.20.Kn, 24.10.-i, 29.87.+g
Understanding the origin of the elements has been a
long intellectual adventure [1]. A scientifically sound the-
ory began to materialize by the late 1950s, thanks to an
emerging wealth of nuclear physics, chemistry and so-
lar system abundance data [2, 3]. In particular, it was
understood that most of the heavy elements could only
be produced by neutron capture following two possible
mechanisms: the slow capture or s-process, character-
ized by low densities and temperatures environments,
and the rapid capture or r-process where both densities
and temperatures are large enough that successive neu-
tron captures could lead in a matter of seconds all the
way to the synthesis of Uranium nuclides and possibly
beyond. It is currently thought that Asymptotic Giant
Branch and red giant stars are the site for the s-process,
while core-collapsed supernovae and neutron star merg-
ers would produce the density and temperature needed
for the r-process. The recent multi-messenger observa-
tion of a binary neutron stars merger (GW170817) and
the indirect clues of r-process production of gold, plat-
inum, and lanthanide elements [4–6] have further refined
our understanding of the r-process site and beautifully
exemplified the benefits of synergistic observations.
There are distinct sets of data needed to understand
the r-process. The first one consists of the light curves
for a variety of electromagnetic wavelengths for a given
stellar event. The other consists of solar r-process abun-
dances, that is, the abundances as a function of atomic
mass (A) for the stable nuclides produced after multiple
beta-minus decay of the leftover radionuclides following
a rapid neutron capture event [7]. Clearly, a successful
simulation of an r-process nucleosynthesis event will have
to account for the afterglow’s light curves as well as the
solar r-process abundances. The obtention of a set of
solar r-process abundances is the core of this article and
will be extensively discussed in the following paragraphs.
There is, however, a small number of stable nuclides
that are solely produced in the r-process, for instance,
just 21 in the 100 ≤ A ≤ 208 range. This number is too
small to obtain a comprehensive picture of the r-process
production pattern and one must subtract the s-process
component from nuclides that can be produced by both
processes. For instance, in the well-known r-process peak
in the 190 ≤ A ≤ 200 range caused by the N=126 magic
number, only two nuclides, 192Os and 198Pt are r-process
only nuclides; the peak truly emerges when subtract-
ing the s-process contribution. In the recent past, the
Maxwellian-averaged cross sections (MACS) listed by the
Karlsruhe Astrophysical Database of Nucleosynthesis in
Stars (KADoNiS) [8] were extensively used in s- and r-
process simulations. Many of the KADoNiS MACS were
normalized to a 197Au(n,γ) activation measurement that
produced a 30-keV MACS equal to 582±9 mb [9]. For
a number of years, the disagreement between this value
and that from the international evaluation of neutron
cross-section standards, 620±11 mb [10, 11], was not un-
derstood. It has been recently resolved, and the new
KADoNiS gold value is 612±6 mb [12], which led to a
renormalization of 63 KADoNiS cross sections.
An alternative way to obtain the s-process component
would be to utilize the massive amount of cross section
data that has been measured for nuclear power applica-
tions. In the USA, the Cross Section Evaluation Work-
ing Group (CSEWG) was setup in 1966 [13] and charged
to produce the ENDF/B library to be used in applica-
tions. ENDF/B was first released in 1968 and its lat-
est in 2018 [14]. This release included efforts from 70
people from 29 organizations worldwide. ENDF/B con-
tains recommended values of neutron-induced cross sec-
tions which encompass all measurements to date, first
compiled in the NSR and EXFOR libraries [15, 16], then
critically reviewed and augmented with extensive use of
R-matrix and Hauser-Feschbach codes, and finally val-
idated with an vast set of integral experiment bench-
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2marks. The recommended cross sections also have com-
prehensive covariance matrices, obtained not only from
experimental conditions, but also by including nuclear
physics model correlations and validated with integral
experiments. ENDF/B benefits from CSEWG’s cumu-
lative and collective experience as well as by frequent
interactions with other similar national and regional en-
deavors such as JENDL [17], JEFF [18], CENDL [19],
and ROSFOND [20], made possible through the coor-
dinating efforts of organizations such as OECD Nuclear
Energy Agency Data Bank [21] and the IAEA Nuclear
Data Section [22].
In this letter, the classical model of stellar nucleosyn-
thesis [23, 24] will be used to quantify the s-process abun-
dance contributions. The classical model is based on a
phenomenological and site-independent approach, and it
assumes that the seeds for neutron captures are made
entirely of 56Fe. The s-process abundance of an isotope
N(A) depends on its precursor N(A−1) quantity as in
dN(A)
dt
= λn(A−1)N(A−1) −
[
λn(A) + λβ(A)
]
N(A), (1)
where λn is the neutron capture rate, and λβ =
ln2
T1/2
is
the β-decay rate for radioactive nuclei. Assuming that
the temperature and neutron density are constant, and
neglecting s-process branchings, the previous formula
simplifies to
dN(A)
dt
= σ(A−1)N(A−1) + σ(A)N(A). (2)
Equation 2 was solved analytically for an exponential
average flow of neutron exposure assuming that temper-
ature remains constant over the whole timescale of the
s-process [23, 24]. The product of MACS and isotopic
abundance (σ(A)N(A)) was written as
σ(A)N(A) =
fN56
τ0
A∏
i=56
[
1 +
1
σ(i)τ0
]−1
, (3)
where f and τ0 are the neutron fluence distribution pa-
rameters, and N56 is the initial abundance of
56Fe seed.
Maxwellian-averaged cross sections (MACS) in Eq. 3
are described as
σMaxw(kT ) =
2√
pi
a2
(kT )2
∫ ∞
0
σ(ELn )E
L
n e
− aE
L
n
kT dELn ,
(4)
where a = m2/(m1 + m2), k and T are the Boltzmann
constant and temperature of the system, respectively,
and E is the energy of relative motion of the neutron
with respect to the target. ELn is the neutron energy
in the laboratory system, while m1 and m2 are the
masses of the neutron and the target nucleus, respec-
tively. Equation 4 has been used in the present work to
calculate ENDF/B-VIII.0 MACS at kT=30 keV. Prior
to calculations the neutron resonance region evaluated
data had been Doppler broadened assuming a target tem-
perature of T=293.16 K with the PREPRO code [25].
The ENDF/B-VIII.0 MACS were extensively used by the
CSEWG collaboration during the library validation pro-
cess [14].
Analysis of geological samples shows that s-process
abundances originate from a superposition of the two ma-
jor exponential distributions of time-integrated neutron
exposure: weak component (responsible for the produc-
tion of 70 ≤ A ≤ 90 nuclei), and the main component (for
90 ≤ A ≤ 204 nuclei). Previously, s-process experimental
cross sections have been analyzed and fitted from 56Fe to
210Po as a sum of the two components that were indi-
vidually described by Eq. 3 of Ref. [24]. Herein cross
sections and solar system abundances were taken from
the presently-outdated compilations [24, 26] and opti-
mized for s-process only target nuclei. In the fit of a weak
s-process component, F. Ka¨ppeler et al. have included
88Sr, 89Y, and 90Zr to overcome a relatively small number
of optimized nuclei in the A < 90 region. These authors
have argued that the above-mentioned nuclei solar sys-
tem abundances have< 20% r-process contributions, and
they could be used in the fitting process. An attempt to
reproduce the two-component fitting using the present
day cross sections and abundances was not successful.
Substitution of the current cross sections with the older
values improves the situation; however, the overall agree-
ment is not satisfactory. Further analysis explains the
failure and suggests a strong preference for the main s-
process component fitting because of several issues in the
A<90 region such as lack of equilibrium [27], small num-
ber of s-process only medium nuclei and a limited num-
ber of measurements with these nuclei. Therefore, the
strong component only is examined in the present work
and nuclei abundances are taken from Ref. [28]. Neu-
tron fluence parameters for s-process only isotopes were
derived using Eq. 3 above. Later, the derived parame-
ters were optimized using least squares procedures, and f
and τ0 neutron fluence distribution numerical values were
obtained. The resulting fluence parameters are shown in
Table I.
TABLE I: S-process strong component neutron fluence dis-
tribution parameters for ENDF/B-VIII.0 library [14].
Parameters ENDF/B-VIII.0
f 0.000391±0.000080
τ0 0.338449±0.027760
The s-process contribution to solar system abundances
can be estimated using neutron fluence parameters and
compared with observed values. The ENDF/B-VIII.0
MACS at kT=30 keV times abundance and expected
classical model product values are shown in Fig. 1. The
data in the figure indicate a surplus production for many
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FIG. 1: ENDF/B-VIII.0 (n,γ) MACS at 30 keV times solar
system abundances (circles) as function of the atomic mass
number for s- and r-process nuclides. The squares correspond
to the classical s-process values derived as described in the
text.
nuclei compared with the s-process expectations. This
surplus is commonly attributed to the r-process contri-
bution, and it can be derived by subtracting the expected
classical model s-process production from the total val-
ues.
ENDF/B-VIII.0 library r-process abundances for pro-
duced by both processes nuclei are shown in Fig. 2. The
ENDF/B-VIII.0 r-process uncertainties are due to least
squares fitting of s-process only nuclei σN product and
subtraction of the classical model contribution from the
total product values. The total product value uncer-
tainties are solely based on an ENDF/B cross section
uncertainties since the solar system abundances of Lod-
ders, Palme and Gail [28] contain absolute values only.
A Fig. 2 data analysis shows the second and third r-
process abundance peaks and the broad surge due to
production of lanthanides that were tentatively found in
neutron stars merger [4–6].
The ENDF/B-VIII.0 r-process abundances agree well
with solar system abundances that were deduced by
Arnould et al. [7] from Ref. [29] with an exception of
N=82 lanthanide nuclei where the current work data are
not smooth and show structure. This observation con-
curs with Kratz et al. who noticed that subtraction of
s-process contribution from the total values is accurate
for nuclei with little s-process contribution but results in
significant uncertainties when s-process fraction is domi-
nant [30]. Further examination of the lanthanide region
abundances shown in Fig. 3 demonstrates the high qual-
ity of ENDF/B-VIII.0 library r-process abundances with
an exception of 138Ba and 140Ce where the expected s-
process contributions exceed total product values. The
main s-process component overproduction in 138Ba has
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FIG. 2: Solar r-process abundances for nuclides that are pro-
duced by both the s- and r-processes derived from ENDF/B-
VIII.0 (squares) compared with those obtained by Arnould et
al. [7, 29].
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FIG. 3: Zoomed view of Fig. 2 that allows a better inspec-
tion of solar r-process abundances for the lanthanide nuclides
(A=139-176).
been previously reported by Palme & Beer [29] and in-
terpreted by Arnould et al. as r-process abundance of
0.214+0.786−0.214 (Si=10
6) [7]. Subsequently, adoption of the
latest 140Ce MACS value of 12.1(6) mb from Atlas of
Neutron Resonances [31] resolves the second calcula-
tion deficiency. These ENDF/B-VIII.0 MACS solar sys-
tem abundance [28] product deficiencies highlight mutu-
ally beneficial relations between nuclear data and astro-
physics efforts, and they will be addressed in the next
release of ENDF/B library. The present findings demon-
strate a large potential of evaluated libraries for stellar
nucleosynthesis calculations, the sensitivity studies of the
4impact of individual nuclear properties on r-process nu-
cleosynthesis [32], and analysis of a binary neutron star
merger observables.
In conclusion, the indirect observations of r-process el-
ements in the neutron stars merger renewed interest in
stellar nucleosynthesis calculations and the correspond-
ing nuclear data. Recent re-analysis of KADoNiS library
[12] reveals multiple issues with the Karlsruhe data and a
strong need for complementary unbiased data sets. The
release of the ENDF/B-VIII.0 evaluated nuclear data li-
brary creates a unique opportunity for nuclear science
and technology developments, and it has to be explored
in nuclear astrophysics. The Maxwellian-averaged (n,γ)
cross sections for 553 ENDF/B-VIII.0 library target nu-
clides have been produced. These data were combined
with the solar system abundances and fitted. Astro-
physical r-process abundances have been extracted in the
present work, compared with available values, and an el-
egant agreement was deduced.
The next stage of the current project will involve in-
corporation of the evaluated nuclear data libraries into
astrophysical model codes. Work on ENDF/B-VIII.0 li-
brary reaction rates data transfer for (n,γ), (n,α), (n,p)
and (n,fission) channels within 0.01-10 GK neutron tem-
peratures into REACLIB format [33] is currently under-
way. The new data sets will provide a more extensive cov-
erage of atomic nuclei and will make REACLIB fits more
reliable across the whole s-process temperature range of
8-90 keV [34].
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